. Research on freeze-thaw events has increased in 
T he effects of climate-driven physical perturbations matic conditions. on soil microbial biomass and activity have been a
In this study, we evaluated the effects of freeze-thaw topic of enduring interest in soil biology. Disturbances events on soil respiration, N mineralization, nitrificacaused by wetting and drying cycles and freeze-thaw tion, and nitrous oxide (N 2 O) production in soils from events have long been known to stimulate microbial a northern hardwood-dominated forest in New Hampactivity via killing of microbial biomass, followed by a shire, USA. Soils collected from nearly monospecific pulse of activity as surviving organisms use the killed stands of two important species in this forest (sugar cells as substrate (Birch, 1958; Soulides and Allison, maple, yellow birch) were incubated under laboratory 1961; Kieft et al., 1987; Edwards and Cresser, 1992;  conditions. The work reported here is part of a larger, DeLuca et al., 1992; Burton and Beauchamp, 1994; Schi- field snow manipulation study that aims to evaluate the mel and Clein, 1996) . Freezing also causes physical diseffect of reduced snow cover, as might occur with global turbance to the soil, releasing substrates physically prowarming, on C and N cycling in the northern hardwood tected in soil aggregates (Edwards and Cresser, 1992) .
forest (Groffman et al., 1999) . The specific objectives Interest in freeze-thaw events has been particularly of the study reported here were (i) to compare the marked because of the recognition that overwinter proeffects of severe (Ϫ13ЊC) versus mild (Ϫ3ЊC) freezing on cesses account for a significant portion (20-70%) of soil N cycling and (ii) to determine if canopy tree species annual ecosystem C and N cycling and soil-atmosphere (sugar maple versus yellow birch) is a controller of the trace gas fluxes (Goodroad and Keeney, 1984; Sommer- change in soil C and N cycling in response to freeze feld et al., 1993; Brooks et al., 1997; Nyborg et al., 1997;  events. The Ϫ3ЊC treatment was similar to temperatures observed in our field plots during the two mild winters C.B. Neilsen and S.P. Hamburg, Brown Univ., Center for Environthat our snow manipulation treatment was applied mental Studies, Providence, RI 02912; P.M. Groffman, Institute of (Groffman et al., 1999 (CO 2 ) and N 2 O with a Tracor 540 gas chromatograph (Tremetrics, Austin, TX) with thermal conductivity and electron capthan yellow birch because sugar maple has been shown ture detectors (Holland et al., 1999) .
to support high rates of N cycling in soil relative other
After gas sampling, the microlysimeters were removed from species in the northern hardwood forest (Pastor et al.,
the mason jars, covered with plastic wrap and placed under 1984; Finzi et al., 1998; Lovett and Rueth, 1999 
Calculations and Statistical Analysis
(Fagus grandifolia Ehrh.), sugar maple, and yellow birch. The forest was selectively cut in the 1880s and 1910s and some of Total respiration was determined by extrapolating individthe older stands were damaged by a hurricane in 1938. Soils ual CO 2 evolution measurements over the interval between are shallow (75-100 cm), acidic (pH 3.9) Typic Haplorthods sampling times and then calculating production for the entire developed from basal tills. This site is located in a region length of the experiment. To calculate total net nitrogen minwhere soil freezing is currently rare because of heavy snowfall, eralization, NO Ϫ 3 and NH ϩ 4 leached or extracted from soil was but which may be affected by reduced snowfall caused by summed, and to calculate total net nitrification, leached or global climate change (Mitchell et al., 1996) . extracted NO Ϫ 3 was summed. For CO 2 , N 2 O, leachable NH ϩ 4 and leachable NO Ϫ 3 , a twoway analysis of variance was conducted for each sampling date,
Sample Collection and Initial Handling
with species, treatment, and species ϫ treatment interaction as Four sampling areas were chosen, two dominated (Ͼ80%) the main effects. As there were no significant interaction efby sugar maple and two dominated by yellow birch (Table 1) .
fects, a Fisher's least significant difference test was run a posteTwo 10-by 10-m plots were established in each area, and in riori to determine specific differences between the three treatearly June 1997 (soil temperature ෂ10ЊC), two small pits were ments. excavated within each plot and soils were collected from three For comparison of total respiration, net mineralization, and horizons: the O e , which consists of partially decomposed ornet nitrification at three different temperatures within the ganic material; the O a , which consists primarily of decomposed O a horizon, a two-way analysis of variance with species and organic matter with some mineral soil; and the A, which contreatment as main effects was conducted. As there were no tains mineral soil mixed with some organic material. Samples significant interaction effects, a Fisher's least significant differfrom the two pits were combined.
ence test was run a posteriori to determine specific differences Each sample was sorted by hand, and large debris (Ͼ4 mm) between the three treatments. was removed. All data are expressed on an oven dried soil For comparison of total respiration, net mineralization and basis (75ЊC). Seven grams of field moist soil from each sample net nitrification in the Ϫ13ЊC and control treatments in the were shaken with 30 mL of 2 M KCl for 1 h and then filtered three different soil horizons, a three-way analysis of variance to extract ammonium (NH ϩ 4 ) and nitrate (NO Ϫ 3 ). The filtrate was conducted, with species, treatment, and horizon as main efwas analyzed with a flow injection autoanalyzer (Perstorp fects. There were also tests for species ϫ treatment, species ϫ 3000, Alpkem, Wilsonville, OR) using the salicylate-hypohorizon, and treatment ϫ horizon interactions, some of which chlorite method for NH ϩ 4 and cadmium reduction for NO Ϫ 3 . were significant.
Experimental Treatments RESULTS
A factorial design with tree species (maple and birch), soil
Freezing had a significant effect on both CO 2 and (Fig. 3) . The Ϫ13ЊC 0.05). Evolution of N 2 O increased immediately following treatment, from 3.1 to 28.9 g N kg Ϫ1 d Ϫ1 in the treatment caused an increase in leachable NH ϩ 4 in soils from the O a horizon, but this effect was not significant Ϫ13ЊC treatment and from 9.1 to 20.8 g N kg Ϫ1 d Ϫ1 in the Ϫ3ЊC treatment (Fig. 1b) . However, because of high (P Ͻ 0.01) until 1 wk after treatment ended, when the Ϫ13ЊC samples averaged 76.9 mg N kg Ϫ1 , while the variability between samples, neither of these increases was statistically significant. A significant treatment efcontrol samples averaged only 39.1 mg N kg Ϫ1 (Fig. 3a) . The Ϫ3ЊC samples, with average leachable NH ϩ 4 of 42.5 fect on N 2 O was not observed until 1 wk following the treatment, at which time the N 2 O evolution rate of the mg N kg Ϫ1 , were not significantly different from the controls. In contrast to NH ϩ 4 , leachable NO Ϫ 3 in O a hori-Ϫ13ЊC treatment (6.7 g N kg Ϫ1 d Ϫ1 ), was significantly (P Ͻ 0.05) higher than that of the control (1.8 g N zon soils decreased (P Ͻ 0.10) immediately after freezing to Ϫ13ЊC, with average leachable NO
). There were significant species effects on both CO 2 kg Ϫ 1 in the Ϫ13ЊC samples and 4.6 mg N kg Ϫ1 in the controls (Fig. 3b) . The Ϫ3ЊC treatment, with an average and N 2 O evolution, but the effects were much more marked for N 2 O. There was a small, but statistically of 2.2 mg N kg
Ϫ1
, was not significantly different from either of the other groups. significant (P Ͻ 0.05) species effect on CO 2 production at the start of the experiment, with rates of 45 mg C Leachate from birch soils consistently had higher (P Ͻ 0.01 or 0.05) concentrations of NH ϩ 4 (Fig. 4a) and lower kg Ϫ1 d Ϫ1 in the maple samples compared to 67 mg C g Ϫ1 d Ϫ1 in the birch samples (Fig. 2a) . Evolution of N 2 O (P Ͻ 0.01) concentrations of NO Ϫ 3 (Fig. 4b) than maple soils. The O e horizon had higher respiration than the was consistently higher from maple than birch samples (Fig. 2b) .
O a (P Ͻ 0.01) and A (P Ͻ 0.05) horizons (Table 2) . Respiration increased significantly (P Ͻ 0.05) with in the O a and did not change in the A horizon, but these patterns were not universally significant. Mineralization freezing to Ϫ13ЊC in the O a and A horizons, but did not change significantly with freezing in the O e horizon.
showed almost no response to freezing to Ϫ3ЊC. Horizon and treatment differences were not as strong Respiration increased with freezing to Ϫ3ЊC, but not significantly. These effects occurred in both species.
for nitrification as they were for respiration and mineralization. The O e and A horizons differed significantly in Similar to respiration, N mineralization varied by horizon, again with the highest rate in the O e horizon and both species, but the O a horizon differed from the A only in the maple soils (Table 4) . Nitrification decreased the lowest in the A (Table 3 ). In general, mineralization decreased with freezing to Ϫ13ЊC in the O e , increased somewhat after freezing for all horizons, temperatures x, y and z indicate significant (P Ͻ 0.05) differences between treatments Letters x, y and z indicate significant (P Ͻ 0.05) differences between treatments within a single horizon within a species.
within a single horizon within a species. and species. However, this effect was only significant biomass was approximately 2200 mg C kg Ϫ1 in treatment (P Ͻ 0.10) in the O e horizon from the maple plots.
and reference plots of both sugar maple and yellow birch. It is likely that freeze effects on C availability other than microbial mortality, e.g., release of C oc-
DISCUSSION
cluded in soil aggregates, played a role in the increase Respiration increased immediately after freezing in soils of both tree species, suggesting that freezing in- creased C availability and microbial activity as expected treatments. All values are mean Ϯ standard error. (Edwards and Cresser, 1992) . The pulse of respiration Horizon Treatment Maple Birch was brief (less than 7 d, Fig. 1 ), but total respiration over the 33-d experiment was increased by freezing in
the O a and A horizons (Table 2) . (Groffman et al., in press). In our field studies, microbial in respiration that we observed, especially in the Ϫ3ЊC
The O a horizon contributes the most to the total respiration of the soil profile because it combines a relatively treatment.
It is interesting to note that respiration was not elehigh respiration rate with a large total mass. Thus, it is likely that total soil profile respiration increases after vated in the O e horizon, perhaps because the amount of available carbon in this horizon was already so high severe freezing (Ϫ13ЊC) in these northern hardwood forest soils. that the release of carbon following freezing did not significantly increase microbial activity. It is also possiNitrogen availability showed a complex response to freezing, with an increase in mineralization (maple only) ble that microbes in this horizon are more adapted to freezing stress because this surface horizon likely freezes and no effect on nitrification. Concentrations of leachable NH ϩ 4 increased, while leachable NO Ϫ 3 decreased, more frequently than the deeper horizons. It is important to note that the total mass of O e horizon soil is following freezing of the O a horizon at Ϫ13ЊC (Fig. 2) . Total mineralization over the 33-d experiment was insmall compared with that of the other horizons, so the importance of this horizon is minimal to overall soil creased in the O a and A horizons and decreased in the O e horizon, but these effects were only significant for respiration (Huntington et al., 1988; Bohlen et al., 2001 ). maple (Table 3) . Total nitrification was not affected in maple soils where nitrification, denitrification, and associated N 2 O flux are more likely to occur. These results the O a and A horizons and was decreased in the O e horizon (Table 4 ). These differences in the response of are consistent with other studies showing that maple supports relatively dynamic N cycles compared with N availability to freezing were likely driven by variation in levels of available C between horizons and species.
other temperate forest canopy tree species, likely because of its high litter quality (i.e., low C:N and lignin:N) Total respiration data suggest that there is more available C in the birch soils, and in the O e horizon, both (Pastor et al., 1984 , Finzi et al., 1998 Lovett and Rueth, 1999) . before and after freezing. Increased available C likely reduces net mineralization of N in birch and O e horizon It is interesting to note that freezing to Ϫ3ЊC had very little effect on C and N cycling in these soils. Misoils, resulting in more marked increases in available N following freezing in the maple soils and in the O a and crobes appear to be able to resist the stress of mild freezing, likely because of their ability to accumulate A horizons. Kaiser et al. (1998) and Schimel and Clein (1996) also found differences in freeze response in soils solutes, which lowers their freezing point (Edwards and Cresser, 1992; Lipson and Monson 1998; Lipson et al. , from different vegetation treatments. They also suggested that these differences were driven by variation 2000). These results are in contrast to our (Groffman et al., in press ) and other (cited above) field studies that in C availability.
The lack of nitrification response to freezing is somereport marked responses in C and N cycling, especially N 2 O flux, to mild freeze events. Under field conditions, what surprising. Autotrophic nitrifiers are thought to be quite susceptible to damage and to recover from other effects of freezing, e.g., disruption of soil structure, are likely responsible for stimulation of C and N cycling. stress very slowly (Focht and Verstraete, 1977) . Conversely, the increase in NH ϩ 4 following freezing might It is also possible that in laboratory studies with disturbed soils it may be difficult to see the effects of be expected to increase nitrification. It is possible that nitrification did increase, but denitrification may also freezing above the effects of disturbance from sampling handling and preparation. have increased, such that a significant portion of the excess NO Ϫ 3 produced after freezing was denitrified The results from this study suggest that changes in climate and snow cover that increase the frequency of rather than leached. Although denitrification was not measured in this experiment, the increased production soil freezing events could increase N and C losses from northern hardwood forest ecosystems, with potential of N 2 O upon freezing to Ϫ13ЊC suggests that denitrification may have increased. Several other investigators effects on soil fertility and carbon storage, receiving water quality, and atmospheric chemistry. Given that have suggested that increases in N 2 O flux following freezing are due to denitrification (Edwards and Kill- freeze effects vary strongly with species, horizon, and the intensity of freezing, it will be necessary to consider ham, 1986; Christensen and Christensen, 1991; Flessa et al., 1995; Nyborg et al., 1997; Kaiser et al., 1998; Rö ver each of these factors in evaluations of climate change effects on northern hardwood forest C and N cycles. et al., 1998), but we have no way to tell if this was the case in our study. The uncertain and puzzling nitrification These effects and factors should be incorporated into models designed to depict overwinter processes and the response is further complicated by the fact that we do not know if our soils were dominated by autotrophic or effects of climate change on these processes. heterotrophic nitrifiers. Whereas autotrophic nitrifiers are thought be quite susceptible to stress, there are no ACKNOWLEDGMENTS studies that have addressed the response of heterotroWe thank Scott Nolan, Jason Demers, Adam Welman, Sibphic nitrifiers to freezing stress.
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of N 2 O losses from soils. be reimmobilized in the C-rich birch soils than in the
